Abstract: An innovative load-bearing sandwich wall panel with glass fiber-reinforced polymer (GFRP) skins and a foam-GFRP web core (GSFW wall panels, where "GS" denotes GFRP skin and "FW" denotes foam-GFRP web core), which was manufactured using a vacuum-assisted resin infusion process, was developed in this paper. An experimental study involving nine specimens was conducted to validate the effectiveness of this panel for increasing the axial strength under edgewise compression loading. The effects of web thickness, web spacing, web height, and skin thickness on axial stiffness, displacement ductility, and energy dissipation were also investigated. The test results demonstrated that axial strength, axial stiffness, displacement ductility, and energy dissipation could be improved by increasing the web thickness, web height, and skin thickness. An analytical model that considers the confinement effect of foam and the local buckling of GFRP skin was proposed to predict the ultimate axial strength of GSFW panels. A comparison of the analytical and experimental results showed that the analytical model accurately predicted the ultimate axial strength of GSFW wall panels under edgewise compression loading. To simulate the low velocity impact by blindings that are rolled by the wind, an impact test was conducted and the residual axial strength of the wall panels after impact was also investigated.
Introduction
Composite structural wall panels have been used increasingly in structural engineering due to the advantages they offer in terms of low cost, high strength-to-weight ratios, convenient usage, and thermal insulation properties. The skins of composite structural wall panels are made of fiber-reinforced polymer, and wall panel cores are usually made of insulated materials such as polystyrene foam.
A large number of experimental and analytical studies on the behavior of sandwich wall panels have been carried out in recent decades [1] [2] [3] [4] [5] [6] [7] [8] . Shawkat et al. [9] developed a variety of non-load-bearing cladding wall panel consisting of carbon fiber-reinforced polymer (CFRP) skin and polyurethane (PU) foam core. Ten panels were tested in three-and four-point bending with different thicknesses of skin and foam core. The test results indicated that the panels were 14 times lighter than conventional reinforced concrete (RC) panels of equivalent strength and stiffness. Meanwhile, the most common failure mode was the local buckling of skin. The other two failure modes were foam core shear failure and CFRP skin fracture. Sharaf et al. [10] conducted experimental studies on the structural performance of sandwich wall panels with two different foam densities (0.31 and 0.63 kN/m 3 ). The test results demonstrated that the bending strength and stiffness of panels with 0.63 kN/m 3 foam density increased by 165% and 113%, respectively, when compared to those of panels with 0.31 kN/m 3 foam density. At the same time, the contributions of shear deformation of the 0.31 and 0.63 kN/m 3 foam cores to midspan deflection were 75% and 50%, respectively. The panels with 0.31 kN/m 3 foam density typically suffered from the wrinkling failure of compression skin at lower strengths. Mousa and Uddin [11] proposed a new type of composite structural insulated panel for load-bearing exterior walls made of glass fiber-reinforced polymer (GFRP) laminate as a skin and polystyrene foam as a core. Three full-scaled panels were tested under atypical compression loading. The test results showed that the predominant failure mode was skin/core interface delamination on the compression side. The behavior of the panels was linearly elastic until the appearance of delamination. Upon the occurrence of delamination, panels showed a sharp decrease in strength and stiffness. Furthermore, a corresponding theoretical model was proposed to predict the equivalent stiffness of the wall panels. The theoretical results agreed well with the test results. Vaidya et al. [12] tested the high velocity impact behavior of load-bearing exterior sandwich walls with GFRP skin and foam core. The test results indicated that the back skin of the panel could be found intact after impact, which proved that the external sandwich walls could provide satisfactory resistance to the windborne missiles.
Currently, although sandwich wall panels are employed increasingly in structural engineering, the majority of are used as non-load-bearing walls. Despite researchers having developed load-bearing walls, many issues involving relative low axial strength and stiffness and interface delamination remain unresolved. Meanwhile, many experimental and analytical studies remain focused on the flexural behavior of sandwich panels, whereas few studies are conducted into the structural performance of sandwich wall panels in edgewise compression loading. Furthermore, in the majority of the studies, the sandwich panels are fabricated by a pultrusion or bonding process. To enrich the field of sandwich wall panels and offer an increased choice in terms of the manufacture process, a simple and innovative sandwich wall panel consisting of GFRP skin and a foam-GFRP web core (see Figure 1) , which was fabricated using a vacuum-assisted resin infusion process, is proposed. The skin, web, and foam core are combined using a vacuuminfusing resin, which can enhance the peel resistance between the skin and foam core. Unlike other foam-core sandwich composite panels, the compressive strength of foam is improved as a result of the confinement effects provided by GFRP web, and the foam core can also restrict the local buckling of the web. Hence, the axial strength and stiffness of sandwich wall panels can be improved significantly. An experimental study was conducted to validate the effectiveness of this new type of panel. The peak strength, initial stiffness, deformability, and energyabsorbing capacity were investigated. The corresponding analytical model was also developed to predict the ultimate peak strength of the panels. To simulate the low velocity impact (LVI) by blindings that are rolled by the wind, an impact test was conducted and the residual axial load capacity of the wall panels after impact was also investigated.
Process of manufacture
The sandwich wall panels are manufactured in the Composite Structures Research Center at Nanjing Tech University using a vacuum-assisted resin infusion process [13] [14] [15] . The GFRP and unsaturated polyester resin are used for skins and webs. The panels consist of filled urethane foams with 40 kg/m 3 density. As illustrated in Figure 2 , the manufacturing process can be divided into five steps: (i) GFRP fabrics with 0/90° fiber orientation angle are placed on a large flat board, which is used for the bottom skin (see Figure 2A) ; (ii) the foams are cut into the rectangular parallelepiped according to the designed size, and then all the foam cores are wrapped using GFRP fabrics (see Figure 2B) ; (iii) GFRP fabrics with 0/90° fiber orientation angle are placed on the foam cores, which are used for the top skin (see Figure  2C) ; (iv) resin is vacuum infused due to the influence of atmospheric pressure after installing items of auxiliary equipment (stripping cloth, diversion cloth, and resin pipes) (see Figure 2D) ; and (v) after unsaturated polyester resin curing, the process is complete and the panels are cut in accordance with the design dimensions (see Figure 2E ).
Wall test

Test specimens
In this study, 41 sandwich wall panels were manufactured and tested. All specimens were divided into two groups. Wall panels in each group had identical widths (w = 500 mm in Group A and 100 mm in Group B). In Group A, 36 sandwich wall panels were tested, with four replicates for each test case. For the control test case (WPC), wall panels manufactured without GFRP webs were used as a reference to demonstrate the structural behavior of normal foam core sandwich wall panels. The other panels used in different test cases were manufactured with a foam-GFRP web core and with varying web thickness (t w ), web spacing (s), web height (h), and skin thickness (t s ). In Group B, before conducting edgewise compression tests, all panels were subjected to LVI, except Specimen IWPC, which was used as a control panel. The residual ultimate axial load capacity of postimpact panels was investigated with varying degrees of impact energy (E i ) and skin thickness. The dimensions of the panels are summarized in Table 1 .
Material properties
PVC foam with 40 kg/m 3 density was adopted in this study. Five cubic foam samples of 50 mm thickness were tested in tension based on ASTM C297/C297M-04 [16] and in compression based on ASTM C365-03 [17] . Table 2 shows the material properties of the foam.
For the foam tensile tests, due to the relatively low stiffness of foam, samples were adhesively bonded on both sides to prepare steel members with a T-section using epoxy resin (see Figure 3A) . Figure 3B shows the failure mode of PVC foam. The tests were performed under displacement control at a loading rate of 0.5 mm/min. The tensile strain was obtained by dividing the longitudinal displacement by the height. The tensile stress-strain curves were almost linear until the point of failure by rupturing, as shown in Figure 4A . For the foam compressive tests, the test set-up is shown in Figure 3C . Compression was applied under displacement control at a loading rate of 0.5 mm/min. The compressive strain was obtained by dividing the longitudinal displacement by the height. Figure 3D shows the failure mode of the PVC foam. The compressive stressstrain curves were initially linear and behaved in a nonlinear manner until reaching maximum stress. Thereafter, the stress-strain curves exhibited a plastic behavior with an increase in strain followed by strain hardening under high strain levels, as shown in Figure 4B .
Tensile and compressive tests based on ASTM D3039/ D3039M-08 [18] and ASTM D695-10 [19] , respectively, were conducted to obtain the tensile strength, tension Young's modulus, compressive strength, and compression Young's modulus of GFRP skin. The material properties of GFRP skin are given in Table 3 .
For the GFRP skin tensile tests, three strip samples with dimensions of 250 × 25 × 5 mm were tested under displacement control at a loading rate of 1 mm/min. The longitudinal strain was measured using two strain gauges pasted on each side of the sample. The tensile stress-strain curves exhibited linear behavior until rupture of the fiber occurred in a brittle manner.
For the GFRP skin compressive tests, three strip samples with dimensions of 150 × 25 × 5 mm were tested under displacement control at a loading rate of 1 mm/min. The longitudinal compressive strain was obtained using the strain gauge, in the same manner as for the tensile samples. The compressive stress-strain curves also exhibited linear elastic behavior until rupture of the fiber occurred in a brittle manner. Figure 5 shows the test set-up for axial compression testing. The support system consisted of a rigid steel framed structure. The base of the frame was bolted to the floor in the Structures Engineering Laboratory at Nanjing Tech University. The specimen was placed vertically inside the steel frame. A monotonic load was provided by a 500 kN capacity hydraulic actuator, which applied equally distributed compression loading by a steel transfer cap installed at both ends of the wall panel. The loading was applied under displacement control at a displacement rate of 1 mm/min.
Test set-up and instrumentation
To measure the deformation of the panel under edgewise compression loading, two linear variable displacement transducers (LVDTs) with a stroke of 50 mm were adopted to measure axial shortening, and another was installed at the middle height of the panel to measure lateral displacement, as shown in Figure 6A . For each wall panel, the longitudinal strains in the skins were measured by strain gauges. The arrangement of strain gauges is illustrated in Figure 6B . The readings of the strain gauges attached to the skins were also used to judge the failure mode.
Wall test results and evaluation
Failure modes
There are typically five failure modes for sandwich structures: skin compressive/tensile failure, core shear failure, delamination, local skin wrinkling, and core indentation failure [11] . In Group A, judging from the readings of the strain gauges attached to the skins, the failure of all the specimens can be categorized within these three modes: (1) delamination failure, which occurred in Specimen WPC; (2) skin compressive failure, which occurred in specimens with 2.4 mm skin thickness, except Specimen WPC; and (3) skin local buckling failure, which occurred in Specimen WP2 with 120 mm web spacing. For the first failure mode, when the skin/foam core shear stress became greater than the adhesive shear stress, the delamination phenomenon between the top skin and the foam core was observed, as shown in Figure 7A . Meanwhile, delamination failure did not occur in the web strengthened panels, which improved the adhesive strength between skins and foam cores. For the second and third failure modes, according to the classical theory of elastic stability, the values of bending stiffness of skin element, as shown in Figure  3B , can be calculated. The web spacing of Specimen WP2 was 120 mm, which exhibited lesser bending stiffness and critical buckling stress than those of other specimens with 60 mm web spacing. Hence, when the critical buckling stress became greater than the yield stress, compressive failure occurred, as shown in Figure 7B . Otherwise, local buckling failure can be observed, as shown in Figure 7C . Neither foam core shear failure nor indentation failure was observed for any web strengthened panels, because the webs provide resistance to the shear force while improving the axial stiffness of the panels. Tables 4 and 5 show the mean experimental and analytical results for specimens in Group A. All web strengthened panels with 1000 mm effective length show a significant improvement in axial strength compared to Specimen WPC. The ultimate axial strength of Specimens WP1 to WP5 increased by 56.8%, 38.0%, 84.8%, 141.5%, and 47.8%, respectively. Figure 8A and B shows the effect of web thickness (t w ) on the ultimate axial strength (P u ) of panels under the condition of t s = 2.4 mm, s = 60 mm, and c = 50 mm. Despite the difference in effective height (l = 1000 and 1600 mm A B C for the results shown in Figure 8A and B, respectively), similar findings can be observed in both figures. Using thicker web (t w = 4.8 mm for Specimens WP3 and WP8) to strengthen the panels increased the ultimate axial strength (compared to Specimens WP1 and WP6 with 2.4 mm web thickness). Because increasing the web thickness can result in a larger ratio of the volume of web to foam, a larger ultimate axial strength of GSFW panel can be achieved. Figure 9 shows the effect of web spacing (s) on the P u of panels. The value of P u of Specimen WP1 (t s = 2.4 mm, t w = 2.4 mm, and s = 60 mm) was 235.3 kN, which was 13.6% greater than that of Specimen WP2 (s = 120 mm) and equal to 207.1 kN. As in the case of the thicker webs, decreasing web spacing can increase the ratio of the volume of web to foam. Therefore, reduced web spacing leads to higher ultimate axial strength. Figure 10 shows the effect of web height (h) on the P u of panels. Under the conditions of t w = 2.4 mm, t s = 2.4 mm, and s = 60 mm, the P u of Specimen WP5 (h = 70 mm) was 221.9 kN, which was 2.8% larger than that of Specimen WP1 (h = 50 mm). The reason for this is that increasing the web height can increase the cross-sectional area of the panel; hence, a larger ultimate axial strength can be obtained. Figure 11A and B illustrates the effect of skin thickness (t s ) on the P u of panels. As shown in Figure 11A , the skin thickness of Specimen WP1 was 2.4 mm and its ultimate axial strength was 235.3 kN. Specimen WP4 with 4.8-mmthick skin achieved a 54.1% increase in ultimate axial strength. Similarly, as shown in Figure 10B , the skin thickness of Specimen WP6 was 2.4 mm and its ultimate axial 
Strength analysis
Stiffness evaluation
where P y and Δ y are the critical load and corresponding critical displacement, respectively. Based on the values of axial stiffness of panels, as listed in Table 5 , it is apparent that the K e of web strengthened panels increased by a minimum of 119.2% compared to Specimen WPC (K e = 12.55 kN/mm). As for the effect of web thickness on initial axial stiffness, the K e of Specimens WP1 (K e = 40.43 kN/mm) and WP3 (K e = 54.33 kN/mm) were 222.1% and 332.9%, respectively, greater than that of Specimen WPC. Compared to Specimen WP6 (K e = 40.09 kN/mm), the K e of Specimen WP8 increased by 43.4% at 57.47 kN/ mm. As for the effect of skin thickness on initial axial stiffness, Table 5 shows that, although the effective length of Specimens WP4 and WP7 were different, they had greater initial axial stiffness (K e = 62.70 and 44.58 kN/mm, respectively) under the condition of t w = 2.4 mm and c = 50 mm due to having the thickest skins (t w = 4.8 mm) compared to 54.33 and 40.09 kN/mm for Specimens WP3 and WP6, respectively. In terms of the effect of web height on initial axial stiffness, it can be observed that the axial stiffness of Specimen WP5 (c = 70 mm) was 41.10 kN/mm, which was 49.4% larger than that of Specimen WP2 (c = 50 mm). Therefore, it can be concluded that increasing web thickness and web height significantly increases axial stiffness.
Improvements in deformability
The deformability factor is adopted to evaluate the deformation performance of the panels, which is defined as the ratio of the axial shortening at peak load (Δ u ) to the notional critical displacement (Δ y ). Thus,
As shown in Table 4 , the deformability factors range from 1.04 (for Specimen WPC) to 1.44 (for Specimen WP7). The η of Specimen WPC was the lowest of all the specimens. Compared to Specimens WP1 and WP6 (t w = 2.4 mm), the η of Specimens WP3 and WP8 (t w = 4.8 mm) were increased by 27.2% and 3.3%, respectively. Similarly, using thicker skins (t s = 4.8 mm) for WP4 and WP7, as opposed to the thinner skins (t s = 2.4 mm) of Specimens WP1 and WP6, increased the deformability of Specimens WP4 and WP7 by 14.2% and 14.1%, respectively. Hence, using thicker webs and skins can effectively improve the deformability of panels. Compared to Specimen WP1 (s = 60 mm), the η of Specimen WP2 (s = 120 mm) was slightly larger (at 1.22). Hence, larger web spacing can result in enhanced ductility of panels. Compared to Specimen WP1 (h = 50 mm), the deformability factor of Specimen WP5 (c = 70 mm) was significantly improved (by 25.6%). Therefore, the deformability factor can increase with an increase in web height.
Energy dissipation
In this study, an energy ductility coefficient (μ) is introduced to evaluate the energy dissipation capacity of the specimens [20] , which can be calculated by Eq. (3):
where the yield energy E y is the triangular area under the load-axial shortening curve and the ultimate energy E u is the total area under the load-axial shortening curve. The values of the energy ductility coefficient of all specimens were calculated by Eq. (17) and presented in Table 4 . For the specimens with 1000 mm effective height, the values of μ ranged from 1.08 to 1.90. Compared to Specimen WP1 (μ = 1.19), it can be observed that the values of μ for Specimen WP3 strengthened with 4.8-mm-thick webs and Specimen WP4 strengthened with 4.8-mm-thick skins increased by 52.4% and 26.4%, respectively. Hence, using thicker web and skin can enhance energy dissipation ability. The same phenomenon was also observed for those specimens with 1600 mm effective height. Compared to Specimen WP6 (μ = 1.54), it can be seen that the values of μ for Specimen WP8 strengthened with 4.8-mm-thick webs and Specimen WP7 strengthened with 4.8-mm-thick skins increased by 23.6% and 5.6%, respectively. The effect of web spacing on the energy ductility coefficient could be analyzed by comparing Specimens WP1 and WP2. The web spacing of Specimen WP2 (μ = 1.46) was 120 mm and the energy ductility coefficient was 21.1% larger than that of Specimen WP1, which had 60 mm web spacing. The height of Specimen WP5 (h = 70 mm) was 1.4 times that of Specimen WP1, whereas the value of μ was 1.5 times that of Specimen WP1. Hence, the results demonstrate that the energy ductility coefficients of wall panels were mainly affected by web thickness and web height and that a thicker web and greater web height can enhance energy dissipation capacity.
Analytical model
As shown in Figure 12A , the GSFW panel can be considered as consisting of a closed web-foam core (CWFC) element (Part I) and unclosed web-foam core (UWFC) element (Part II). For the CWFC element, the depth and width are a and b, respectively. The thickness of the web is t w /2.
Local buckling of GFRP skin
The local buckling of GFRP skin can be analyzed based on the elastic foundation model, as shown in Figure 12B . The foam core is denoted by a spring with a stiffness of k (per unit width and length). Based on the classical theory of elastic stability [21] , the governing differential equation for the stability analysis of GFRP skin is expressed as 
where D s is the bending stiffness of the skin, which can be determined by 
where E s and v s are the Young's modulus and Poisson's ratio of the skin, respectively, and t s is the thickness of the skin. The strain energy in skin bending (U 1 ) and the work done by the membrane forces (U 2 ) are, respectively, given by [15] ( ) 2  2  2  2  2  2  2   1  2  2  2  2 2 1 2
All the edges are built-in, and the skin is only subjected to a uniform axial compressive loading in the x-direction. A half-buckling-wave length in the x-direction is h, as shown in Figure 12C . By considering a half-wave in the x-direction, the boundary conditions of the skin at the loaded and unloaded edges are as follows: when x = 0 or x = h, w = 0, and dw/dx = 0; when y = 0 or y = b, w = 0, and dw/dy = 0.
Assuming that the deflection functions in both x-and y-directions are the cosine function, the deformed shape can be expressed as 
The total potential energy of the GFRP skin-foam system (E) is 1 2 3 where U 3 is the energy associated with elastic foundation (foam core supporting), defined as 2 3 1 2
where k is the stiffness of spring foundation, which can be calculated by Eq. (11): θ θ θ θ
Based on the principle of minimum potential energy, the critical buckling force of GFRP skin can be obtained by Eq. (14):
Then, the critical buckling stress of GFRP skin (f cr,s ) is given as 
Local buckling of GFRP web
The local buckling of GFRP web can also be analyzed using the elastic foundation model, as shown in Figure 12D . The critical buckling stress of GFRP web (f cr,w ) can be calculated by Eq. (16): 
where h and b are the half-buckling-wave lengths in the x-and y-directions, respectively; t w is the thickness of the web; and D w is the bending stiffness of the web.
Ultimate axial load capacity
By considering force equilibrium, the analytical axial compressive strength of the CWFC element (P c,pre ) can be expressed as c,pre F F s s w w 0.85
where A F , A s , and A w are the cross-sectional areas of the foam, skin, and web, respectively; f s and f w are the axial compressive stress of skin and web, respectively; and f F ′ is the axial compression stress of the confined foam, which can be expressed as
where f F is the compressive strength of the unconfined foam; k 1 is the effectiveness coefficient of confinement, which is equal to 2.98 [22] ; f l is the lateral confining pressure; and k s is the shape factor, which can be calculated by Eqs. (19) and (20):
where A e is the effective confinement area and R F is the corner radius. Eq. (21) can be used to calculate the lateral confining pressure f l of confined foam [22] :
where f tw is the tension strength of the web. For the UWFC element, because GFRP web cannot provide effective lateral confining pressure to the foam, the effect of the compressive strength of the foam on the ultimate peak strength can be ignored. Hence, the theoretical peak strength of the UWFC element (P u,pre ) can be expressed as u,pre s s w w
Then, the theoretical ultimate peak strength of the panels (P pre ) can be expressed as pre c ,pre u,pre
If f cr,s > f cs and f cr,w > f cw , Eqs. (17) and (22) apply with f s = f cs and f w = f cw ; if f cr,s > f cs and f cr,w < f cw , Eqs. (17) and (22) apply with f s = f cs and f w = f cr,w ; and if f cr,s > f cs and f cr,w < f cw , Eqs. (17) and (22) apply with f s = f cr,s and f w = f cr,w .
where f cs and f cw are the ultimate axial compressive stress of the skin and web, respectively.
Comparison of experimental and analytical results
According to the proposed analytical model described in the previous sections, the predicted ultimate axial load capacity (P e ) of the specimens was determined by Eqs. (15) (16) (17) . The predicted ultimate axial load capacities of the specimens are presented in Table 5 . The largest variation between predicted and experimental results in the ultimate axial load capacity was 25.7 kN, which occurred in Specimen WP1. Comparing the analytical and experimental results indicates that the proposed analytical model is generally able to conservatively estimate the actual ultimate axial load capacity of the sandwich wall panels under edgewise compression loading with an average underestimation of 3.0%.
LVI on the GSFW panels
The exterior walls of buildings are usually subjected to LVI due to windborne debris. The strength, stiffness, and deformation of walls are seriously influenced by impact loading. Furthermore, the safety of structures is reduced, potentially causing great loss of life and property damage. Hence, it is necessary to conduct a study on the impact and postimpact behaviors of sandwich wall panels.
General
A drop tower apparatus with a free-falling mass was adopted to impact with the wall panels ( Figure 13A and B). The impactor surface was spherical and the total mass of the dropped carriage was 4.5 kg. An impact energy range of 25-2000 J and a velocity range of 2.4-6.3 m/s were adopted. Due to the limitations of the drop tower apparatus, specimen sizes of 100 × 200 mm were cut from the large sandwich wall panel. The wall panel was simply supported along four edges. Impact loading was measured by a piezoelectric loading transducer placed between the impactor and the carriage.
Upon release, the impactor would fall along two smooth guided stainless steel bars and through the center hole of the clamp plate to impact with the wall panel. A rebound brake was installed to prevent multiple impacts. The velocity impact can be calculated using the integration of acceleration, where the acceleration is acquired by the impact force divided by the mass. This obtained velocity is also adopted to derive the displacement of the impactor by the integration.
Damage after LVI test
Specimen IWPC was a control panel that was not struck by the impactor. The energies of impact were 100 J for Specimen IWP1, 200 J for Specimens IWP2 and IWP4, and 300 J for Specimen IWP3, respectively. The specimens were impacted at their geometric center. The damage after impact was in the form of fiber breakage surrounding the point of impact. Cracks were observed on the impacted skins, originating away from the point of impact. Impact energy was transferred to the foam core through the adhesive bond line, the foam core being weak in sheardeveloped shear cracks. Delamination between the core and the skins was not observed. The back skins of the wall panels appeared intact after impact. The damage of the skins of the wall panels after impact is shown in Figure 14 . 7 Axial compression after impact strength of wall panels
Undamaged sandwich wall panel compression
The compression after impact (CAI) test set-up is shown in Figure 13C . To measure the axial shortening and judge the failure mode of undamaged sandwich wall panels, two strain gauges were pasted on both skins, respectively. The failure mode observed was a compressive failure of the skin. During the tests, both readings of strain gauges were very close until final failure, which proved that bending was negligible. The ultimate compressive loading was 50.3 kN. However, failure occurred in both skins symmetrically, toward the end of the panel near the tabbed region ( Figure 14) , which is similar to the phenomenon described by Schubel et al. [23] .
Damaged sandwich wall panel compression
Four sandwich wall panels contained major skin rupture damage at their center, as shown in Figure 15 . The panels were instrumented with strain gauges on each face.
Where there was damaged skin, the gauge was pasted outside the damaged region. The observed failure mode was compressive failure in the damaged skin. Compared to the undamaged panel, where both skins failed together, the damaged panels failed only in the skin that contained impact damage. The failure location was precisely in the damaged region, as shown in Figure 15 . Due to the effect of impact loading, the stiffness of each skin was different and an additional bending moment was generated in the panel. Furthermore, according to the readings of the strain gauges, the undamaged skin continued to provide resistance after the damaged skin failure. Table 6 summarizes the axial load capacities of all the specimens in Group B. All the damaged wall panels show a significant reduction in axial strength, from 40.2% to 63.2%, when compared to the undamaged panel (IWPC). For the damaged wall panels with 2.4 mm skin thickness, the strength of Specimens IWP1 (E i = 100 J), IWP2 (E i = 200 J), and IWP3 (E i = 300 J) were 30.1, 24.2, and 18.5 kN, respectively, compared to 50.3 kN for the undamaged panel, corresponding to a compressive strength reduction of 40.2%, 51.9%, and 63.2%, respectively. Meanwhile, according to the loadaxial shortening curves of specimens (see Figure 16 ),
IWP1 IWP2
IWP3 IWP4 the axial stiffness of each wall panel decreased with the increase in impact energy. The value of K e of Specimen IWPC was 24.11 kN/mm, which was 54.0%, 126.4%, and 202.5% greater than those of Specimens IWP1, IWP2, and IWP3, respectively. For the damaged wall panels with 4.8 mm skin thickness, the axial strength of Specimen IWP4 was 28.3 kN, which was 16.9% greater than that of Specimen IWP2.
Conclusions
This paper presents analytical and experimental studies on sandwich wall panels with GFRP skin and a foam-GFRP web core loaded in edgewise compression loading. The main findings of this study are summarized as follows: 1. A new type of sandwich wall panel with GFRP skin and a foam-web core was developed using a vacuumassisted resin infusion process. These panels had the characteristics of large axial strength and stiffness, light weight, and simple construction. 2. The experimental results show that, compared to normal sandwich panels with a foam core, a maximum increase of approximately 142% in the ultimate axial strength can be achieved due to the presence of GFRP webs. 3. The thicker web, smaller web spacing, greater web height, and thicker skins can enhance the ultimate axial strength and initial stiffness of wall panels, but the deformability of panels can be affected slightly by skin thickness. 4. The results demonstrated that the energy ductility coefficient of the panels was mainly affected by the web height, and the panels with a greater web height can exhibit enhanced postyield deformation. 5. An analytical model was proposed based on the elastic foundation beam theory. The formulas to calculate the critical buckling stress of skin, critical buckling stress of web, and ultimate axial load capacity of wall panels are derived. 6. Very good agreements between the experimental and predicted results are found. The analytical model has been shown to accurately predict the ultimate axial strength of wall panels. 7. To investigate the residual axial load capacity after the impact loading of wall panels, an LVI test was conducted with varying impact energies. The residual axial load capacities of damaged wall panels were evaluated by comparing the control wall panels.
This type of sandwich wall panel with GFRP skin and a foam-GFRP web core is still under development; a unified design procedure will be provided to aid structural engineers in designing this new type of wall panel after further tests and numerical analyses have been conducted. 
